The 16S rDNA sequences of 11 strains, nine type strains of validated Pseudonocardia species and Actinobispora yunnanensis, and two strains of unnamed Pseudonocardia species, were determined and compared with those of representatives of the family Pseudonocardiaceae. The phylogenetic analysis indicated that all of the validated species of the genera Pseudonocardia and Actinobispora consistently formed a monophyletic unit and separated well from the other genera of the family Pseudonocardiaceae. One unnamed Pseudonocardia strain was related to members of the genus Pseudonocardia, whereas the other unnamed Pseudonocardia strain formed a distinct clade within the radiation of the genus Amycolatopsis. ß
Introduction
The family Pseudonocardiaceae was emended by Stackebrandt et al. [1] on the basis of the 16S rDNA sequencebased phylogenetic clustering and the proposal of the family-speci¢c signature nucleotides, and currently encompasses 14 genera, which are divided into two groups according to a cell wall type. Members belonging to a cell wall type IV contain eight genera, the genera Actinopolyspora, Amycolatopsis, Kibdelosporangium, Pseudonocardia, Saccharomonospora, Saccharopolyspora [1] , Actinobispora [2, 3] , and Actinokineospora [4, 5] , whereas the other group having a cell wall type III comprises six genera, the genera Actinosynnema, Kutzneria, Lentzea, Saccharothrix, Streptoalloteichus, and Thermocrispum [1] . The family Pseudonocardiaceae phylogenetically forms a distinct lineage within the radiation of the class Actinobacteria and belongs to the suborder Pseudonocardineae of the order Actinomycetales [1] . Recently, Kim and Goodfellow [6] proposed the reclassi¢cation of Amycolatopsis rugosa to the new genus of the family Pseudonocardiaceae as Prauserella rugosa.
The genus Pseudonocardia was originally proposed by Henssen [7] for mycolateless nocardioform actinomycetes that contained meso-diaminopimelic acid, arabinose, and galactose in the peptidoglycan (a type IV cell wall), and its description was recently emended by Reichert et al. [8] . There are currently 10 validly described species, Pseudonocardia alni [5] Pseudonocardia asaccharolytica [8] , Pseudonocardia autotrophica [5] , Pseudonocardia compacta [9] , Pseudonocardia hydrocarbonoxydans [5] , Pseudonocardia halophobica [10] , Pseudonocardia petroleophila [5] , Pseudonocardia saturnea [5] , Pseudonocardia sul¢doxydans [8] , and Pseudonocardia thermophila [7] . The genus Pseudonocardia is chemotaxonomically characterized by the presence of a type IV cell wall, a major menaquinone of MK-8(H 4 ), and phospholipid type PII or PIII patterns, DNA base composition of 68^79 mol%, and a predominant fatty acid of iso-hexadecanoic acid [8] , and phylogenetically forms a coherent group within the evolutionary radiation of the family Pseudonocardiaceae [5, 8, 10] .
The genus Actinobispora was described by Jiang et al. [2] for an actinomycete that produces spores in longitudinal pairs on both the vegetative mycelium and the aerial mycelium, and that has an unusual type IV cell wall (mesodiaminopimelic acid, arabinose, galactose, and xylose), a phospholipid type PIV pattern, DNA base composition of 71 mol%, and major menaquinones of MK-7(H 2 ) and MK-9(H 2 ). The only and type species was Actinobispora yunnanensis. Recently, Xu et al. [3] proposed three new species of this genus, Actinobispora alaniniphila, Actinobispora aurantiaca, and Actinobispora xinjiangensis, and showed that the genus Actinobispora is a member of the family Pseudonocardiaceae based on the comparative studies of 16S rDNA sequences.
To investigate the phylogenetic inter-and intra-relationships between the genera Pseudonocardia and Actinobispora, we determined the almost complete 16S rDNA sequences of 11 strains as shown in Table 1 , and compared them with the published sequences of type species included in the family Pseudonocardiaceae.
Materials and methods

Microorganisms and culture conditions
The type species or unnamed strains of the genus Pseudonocardia and Actinobispora yunnanensis used in this study (Table 1) were obtained as freeze-dried cultures from the Culture Collection Center in the Institute of Microbiology, Seoul National University (IMSNU). All of the test strains were cultured on Trypticase soy broth (BBL) with shaking. Cells were harvested by centrifugation and washed with distilled water.
2.2. Genomic DNA isolation, and PCR ampli¢cation, cloning and sequencing of 16S rDNA
Genomic DNA was extracted according to the method described previously [11] and used for the 16S rDNA ampli¢cation with two universal primers, 27f and 1525r [12] . Cloning and sequencing of ampli¢ed 16S rDNA were performed sequenced using a model ALFexpress DNA sequencer (Pharmacia Biotech) and a Cy5 AutoRead Sequencing Kit (Pharmacia) as described previously [13] .
Phylogenetic analysis
The 16S rDNA sequences were aligned with those of members of the family Pseudonocardiaceae by using CLUSTAL W program [14] and then were manually realigned with groups of pre-aligned sequences [12] . Evolutionary distance matrices were calculated by the method of Jukes and Cantor [15] , and the phylogenetic tree was constructed by the neighbor-joining method [16] . The con¢-dence level of tree topologies was evaluated by bootstrap analysis [17] of the neighbor-joining data, using 1000 resamplings. Parsimony analysis was performed with the PAUP program for the Macintosh [18] . To evaluate the in£uence of the 16S rDNA variable regions [12] on the inferred tree, data set excluding ambiguously aligned positions were also used in the analysis as described previously [19] .
Results and discussion
The 16S rDNA sequences of 11 strains, nine type strains of validated Pseudonocardia species and Actinobispora yunnanensis, and two strains of unnamed Pseudonocardia species, were ampli¢ed from genomic DNA by means of PCR. The almost complete 16S rDNA sequences ranging from 1474 to 1520 nucleotides were determined following the cloning of ampli¢ed 16S rDNA. The sequences of type species of the genus Pseudonocardia were preliminary compared with those previously determined [5] for unambiguous nucleotide regions between 1213 and 1395 nucleotides, and showed the signi¢cant di¡erences ranged from 0.9 to 4.2% according to the species. The 16S rDNA sequences determined in this study have been deposited to the EMBL database under the accession numbers listed in Table 1 .
To investigate inter-and intra-relationships of the genera Pseudonocardia and Actinobispora, the sequences ob- tained were compared with those of two Pseudonocardia species [8] , three Actinobispora species recently described [3] , and representatives of the other genera of the family Pseudonocardiaceae. A phylogenetic tree was constructed by the neighbor-joining method [16] . A total of 1223 unambiguous nucleotide positions present in all sequences between 57 and 1470 (Escherichia coli numbering [20] ) were used in ¢nal tree construction. All tested procedures for tree construction (distance matrix and maximum parsimony methods) and data sets resulted in trees showing similar topologies. The 16S rDNA sequence studies indicated that all of the type strains of validated Pseudonocardia and Actinobispora species formed a monophyletic unit (100% bootstrap value) in which the species of both genera were intermixed and separated well from members of the other genera of the family Pseudonocardiaceae (Fig. 1) . Members of the genera Pseudonocardia and Actinobispora revealed sequence similarity values of 94.4^98.0% to each other, 1.8^3.5% higher than the levels of sequence similarity (90.9^96.2%) found between these genera and members of the other genera of the family Pseudonocardiaceae, except for Actinopolyspora halophila used as outgroup.
The phylogenetic placement of this cluster is also supported by a set of 16S rDNA signature nucleotides which is same for all of the strains belonging to the Pseudonocardia-Actinobispora lineage. The pattern of 16S rRNA, which is unique for all the strains of both genera, consists of G nucleotide at position 130 (E. coli numbering), C-G nucleotide pair at positions 139^224, U at position 211, G-U at positions 407^435, C at position 508, and U at position 1336 ( Table 2 ). The set of 16S rDNA signature nucleotides and the high levels of 16S rDNA sequence similarity found between the species of both genera support the close association of the Pseudonocardia-Actinobispora lineage. Concerning the intrageneric relationship, members of the genera Pseudonocardia and Actinobispora were divided into three groups (Fig. 1) , and showed a somewhat di¡er-ent structure from that previously reported [3, 5, 8, 10] . One cluster comprised three species of the genus Pseudonocardia, Pseudonocardia autotrophica, Pseudonocardia compacta, and Pseudonocardia alni, and an unnamed Pseudonocardia strain, IMSNU 22071, and formed a monophyletic clade that was supported by a bootstrap value of 100%. Pseudonocardia sp. IMSNU 22071 showed a sequence similarity value of 99.9% with the type strain of Pseudonocardia alni. Pseudonocardia compacta and Pseudonocardia autotrophica were closely related to each other (99.6% sequence similarity). The second cluster contained three Pseudonocardia species, Pseudonocardia halophobica, Pseudonocardia hydrocarbonoxydans, and Pseudonocardia sul¢-doxydans and was con¢rmed by a bootstrap value of 75%. In a previous study [8] , Pseudonocardia sul¢doxydans formed a cluster with Pseudonocardia halophobica (87% bootstrap value), whereas Pseudonocardia hydrocarbonoxydans clustered with Pseudonocardia petroleophila at a high bootstrap value of 100%. However, Pseudonocardia hydrocarbonoxydans and Pseudonocardia sul¢doxydans were united together in this study, which was supported by a high bootstrap value of 100% and a high 16S rDNA sequence similarity of 99.8%. Although they are readily differentiated from each other by physiological property [8] , DNA reassociation experiment should be performed to con¢rm the status of species. The third cluster formed a large group and consisted of eight Actinobispora and Pseudonocardia species, Actinobispora alaniniphila, Actinobispora aurantiaca, Actinobispora xinjiangensis, Actinobispora xinjiangensis, Pseudonocardia petroleophila, Pseudonocardia saturnea, Pseudonocardia thermophila, and Pseudonocardia asaccharolytica. This clustering was supported by only a moderate bootstrap value of 63%. Members of the genus Actinobispora showed sequence similarity values of 97.0^98.5%, within a range of those found between members of the genus Pseudonocardia (94.0^99.8%). The other unnamed strain, Pseudonocardia sp. IMSNU 22319 formed a distinct lineage within the evolutionary radiation of the genus Amycolatopsis (100% bootstrap value), indicating that this strain is phylogenetically related to members of the genus Amycolatopsis.
It has been reported that the genus Actinobispora was phylogenetically related to members of the family Pseudonocardiaceae [3] . In a previous study [3] , members of the genus Actinobispora were compared only with Pseudonocardia thermophila, the type species of the genus Pseudonocardia, and representatives of the genus Saccharopolyspora among the 14 genera of the family Pseudonocardiaceae. The results revealed that Pseudonocardia thermophila formed a deepest branch outside the cluster encompassing members of the genus Actinobispora. In spite of the high similarity in the phylogenetic properties with the genus Pseudonocardia, the genus Actinobispora di¡ers chemotaxonomically from the genus Pseudonocardia and the other genera of the family Pseudonocardiaceae by the combination of menaquinone and phospholipid compositions [3] . Jiang et al. [2] described that the genus Actinobispora has major menaquinones of MK-9(H 2 ) and MK-7(H 2 ), and a phospholipid type IV pattern. On the other hand, the results of our study showed that Actinobispora yunnanensis IMSNU 22019 T had a major menaquinone of MK-8(H 4 ), consistent with that of the genus Pseudonocardia [8] . Only the di¡erence in phospholipid pattern is not su¤cient to describe a genus. For example, the genera Pseudonocardia [8] and Saccharothrix [21] have two phospholipid patterns according to the species. The chemical characters, as well as 16S rDNA-based phylogenetic clustering and the presence of 16S rDNA signature nucleotides unique for the genera Pseudonocardia and Actinobispora strongly suggest the union of both genera.
In conclusion, 16S rDNA sequence analysis resulted in describing the phylogenetic clustering of the validated Pseudonocardia and Actinobispora species, and in obtaining a molecular characterization of two unnamed strains. Pseudonocardia/Actinobispora (15)
a Contain the genera Actinokineospora, Actinosynnema, Lentzea, Kutzneria, Saccharothrix, and Streptoalloteichus. b Kutzneria and Actinokineospora have A-U pairs. c Kutzneria and Streptoalloteichus have G-G and G-C pairs, respectively.
However, in bacterial taxonomy, chemical characterization and DNA-DNA hybridization studies are required to support the phylogenetic relationships at the genus level. Therefore, all the validated species of the genera Pseudonocardia and Actinobispora should be chemically examined and compared together to con¢rm the uni¢cation of both genera to the genus Pseudonocardia.
